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[1] The relationship between total electron content (TEC) and the solar soft X-ray
irradiances is presented. Three bands (2–7 nm, 6–19 nm, and 17–20 nm) of solar soft
X-ray measurements from the Student Nitric Oxide Explorer (SNOE) satellite are
examined and all show a similar relationship with TEC. The TEC data are from a GPS
receiver near Ancon, Peru (11.78 degrees latitude, 77.15 degrees longitude) from
11 March 1998 to 23 August 1999 and 2 October 1999 to 10 June 2000. During these
periods the average TEC measurement was calculated from all observations whose
ionospheric pierce point occurred within 12 ± 2 degrees latitude and 77 ± 2 degrees
longitude and within the hour selected. TEC shows a more significant correlation
with soft X-ray irradiances than with F10.7. The X rays lead the TEC by approximately
0.8–1.3 days, which is consistent with the neutral density affecting the TEC. The
magnitude of these short term (27 days or less) changes is approximately 0.18 of the
total TEC. During the period examined geomagnetic activity, as represented by Ap,
could account for half as much variation in TEC (0.1 of the total TEC) as the solar
irradiance.
Citation: Wang, X., R. Eastes, S. Weichecki Vergara, S. Bailey, C. Valladares, and T. Woods (2006), On the short-term relationship
between solar soft X-ray irradiances and equatorial total electron content (TEC), J. Geophys. Res., 111, A10S15,
doi:10.1029/2005JA011488.
1. Introduction
[2] The low-latitude ionosphere is produced primarily by
solar soft X-ray and extreme ultraviolet (EUV) radiation.
The ionospheric electron density and height are expected to
increase linearly with solar activity [Evans, 1977; Davies,
1980; McNamara and Smith, 1982]. However, owing to a
lack of solar irradiance measurements, the direct depen-
dence of the ionospheric density on the Sun’s EUV and soft
X rays has been studied for only brief periods, primarily
during solar flares [e.g., Afraimovich, 2001; Zhang et al.,
2002]. There have been studies of their relationship using a
proxy, the 10.7-cm radio flux (F10.7), for the Sun’s short
wavelength emissions [e.g., Jakowski et al., 1991; Su et al.,
1999; Liu et al., 2003]. However, the expected linear
relationship between ionospheric densities and F10.7 breaks
down for high values of F10.7 [Kane, 1992; Rishbeth, 1993;
Balan et al., 1994]. Balan et al. [1994] show that the Total
Electron Content (TEC) and F2-layer peak electron density
(NmF2) increase nonlinearly with F10.7, owing to a non-
linear relationship between F10.7 and the modeled solar
EUV irradiance. Therefore proxy-based studies of iono-
spheric densities and solar variations are not completely
reliable, and an examination using short wavelength solar
irradiances is needed to improve our understanding of their
relationship.
[3] Recently, photometers on the Student Nitric Oxide
Explorer (SNOE) satellite made daily measurements of the
solar soft X-ray irradiances (2–20 nm) [Bailey et al., 1999,
2000, 2006]. Solomon et al. [2001] studied the effects of
these soft X rays on the lower ionosphere (100–200 km)
and found good agreement between observed electron
density profiles and model predictions using the SNOE
solar irradiances. While the 2–20 nm irradiances from
SNOE deposit most of their energy below the peak of the
F region, irradiances of 20–40 nm are responsible for most
of the ionization near the peak of the F region. Since these
wavelength bands are adjacent, the electron densities may
have some correlation with the irradiances observed by
SNOE.
[4] This paper examines the short-term relationship
( 27 days) of solar soft X rays from SNOE with the Total
Electron Content (TEC) from a GPS receiver near Ancon,
Peru. These comparisons indicate that there is a correlation
between solar X-ray irradiances and TEC ( 27 days), with
X rays leading TEC 1 day. Almost 2 years of solar
irradiance and TEC measurements are used.
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 111, A10S15, doi:10.1029/2005JA011488, 2006
1Department of Electrical and Computer Engineering, University of
Central Florida, Orlando, Florida, USA.
2Florida Space Institute, Kennedy Space Center, Florida, USA.
3Geophysical Institute, University of Alaska Fairbanks, Fairbanks,
Alaska, USA.
4Now at Bradley Department of Electrical and Computer Engineering,
Virginia Polytechnic Institute and State University, Blacksburg, Virginia,
USA.
5Newton Resource Center, Institute for Scientific Research, Boston
College, Massachusetts, USA.
6Laboratory for Atmospheric and Space Physics, University of
Colorado, Boulder, Colorado, USA.
Copyright 2006 by the American Geophysical Union.
0148-0227/06/2005JA011488
A10S15 1 of 10
Correction published 24 August 2007
[5] Four steps are used to determine the relationship
between the X rays and TEC. (1) The power spectral
densities (PSDs) of the solar soft X rays and TEC are
calculated to show their temporal frequencies; and mathe-
matical models are applied to find the frequencies of periodic
variations in the signals. (2) Filters are used to remove
distinct trends and extract periodic variations. The relation-
ship between the 27-day variations in the TEC and X rays is
examined. (3) The remaining autocorrelations between the
measurements in each series of data, indicated by the
autocorrelation function at different time lags, are modeled
and then removed using the model derived. After removal of
the autocorrelations, the remaining signals for the TEC and
X rays pass statistical tests for white noise. (4) The cross-
correlation functions (CCFs, the cross-correlation at differ-
ent time lags) of the remaining TEC and X ray signals are
calculated to find the nonperiodic short-term relationship,
and a model is deduced to describe this relationship.
2. Data
[6] In this section the soft X ray irradiances from the
SNOE satellite and TEC from Ancon, Peru are presented.
2.1. Solar Soft X-Ray Irradiance Data
[7] SNOE carried the solar X-ray photometer (SXP)
which measured the solar soft X-ray irradiance in broad
wavelength bands [Bailey et al., 1999, 2000, 2006]. Each
channel consisted of an X-ray sensitive silicon photodiode
with a thin metallic film deposited directly onto the active
area. Measurements of three spectral ranges, approximately
2–7 nm, 6–19 nm, and 17–20 nm, are used in the
following analysis. These measurements began on 11 March
1998. The values used here are ‘‘daily’’ values. Depending
on the dates, the number of solar observations each day
varied from 4 (for the earliest dates) to 16. For each day, the
soft X-ray irradiance at noon universal time is calculated
using the measurements without contributions from solar
flares. Most of the following analysis uses data from
11 March 1998 to 23 August 1999 in order to avoid a gap of
39 days, beginning on 23 August 1999, in the TEC
measurements. While interpolation can easily be used to
fill small gaps, filling gaps longer than 27 days is more
complicated and might significantly affect the results.
Figure 1a shows the solar irradiance measurements for the
three spectral ranges from 11March 1998 to 23 August 1999.
2.2. TEC Data
[8] The TEC is an integrated electron density measure-
ment with contributions from the ionospheric D, E, F and
topside regions. Although the D and E regions contribute to
the TEC, they are much narrower in height and are normally
lower in density than the F region; consequently, their
contributions to the TEC are less significant. At F region
altitudes and higher, variations in the production, loss and
transport rates can be significant. Several factors affect the
electron density and profile shape. The solar X rays and
extreme ultraviolet (EUV) are the most important sources of
ions at equatorial latitudes. Neutral winds, neutral densities
and E  B drift velocity, can also affect the electron density
and profile shape. While the TEC is an integrated electron
density measurement and will have a smaller response to
changes in the profile shape than do the densities at a specific
altitude, changes in the shape of the profile may affect the
TEC due to the altitude dependence of ion lifetime.
[9] TEC data from a GPS receiver [Valladares et al., 2001]
near Ancon, Peru (77.15 longitude, 11.78 latitude,
1.47 degrees geomagnetic latitude) are used in this study.
Observations from 11 March 1998 to 23 August 1999 and
from 2 October 1999 to 10 June 2000 are used in this study.
For these dates the average TEC measurement was calculated
for all observations whose ionospheric pierce point occurred
within 12 ± 2 degrees latitude and 77 ± 2 degrees
longitude and within the hour selected. The ionospheric
pierce point (i.e., the altitude at which the line of sight from
the GPS satellite to the receiver intersects the peak of the
F layer) is assumed to be 350 km. Possible errors from peak
altitude variations are minimized by the use of near zenith
observations in this analysis. Figure 1b shows the averaged
TEC from 1200–1300 local time on 11 March 1998 to
23 August 1999. This figure shows that the TEC decreases
between March 1998 to June 1998 and increases to
October 1998; then decreases slightly between March 1999
and July 1999. This variation agrees with the seasonal
anomaly, where the noon values of electron density are
usually greater in winter than in summer. Seasonal changes
in the neutral winds and neutral composition are the major
causes for the anomaly. The shorter term variations in TEC
will be compared with the X-ray irradiances in order to
understand their relationship.
[10] Gaps in the TEC data are filled using a cubic spline
interpolation. The interpolated values are plotted in Figure
1b with a dotted line. Although the number of interpolated
values is relatively limited, the effects of this interpolation
were tested using the X-ray flux measurements. For days
when TEC data are missing, the solar irradiance measure-
ments were replaced with interpolated values. Comparison
of the power spectrum and the sample autocorrelation
function (ACF) was made between flux data with and
without interpolated values. This comparison showed that
both had the same power spectral density; and the ACF
showed no significant differences. Thus the linear properties
of the solar irradiances were not changed by the interpola-
tion [Kugiumtzis, 1999], and it can be applied to the TEC
without affecting the results.
3. Data Analysis, Modeling, and Transformations
[11] Trends and periodic components are evident in both
the X-rays and TEC (Figures 1a and 1b). These trends and
periodic components need to be extracted in order to study
the short-term relationships between these data. To isolate
the trends and periodic components, we take advantage of
techniques developed for statistical time series analysis
[e.g., Brockwell and Davis, 1996] and for signal processing
[e.g., Orfanidis, 1996]. These techniques are realized with
MATLAB, which has many of the basic routines needed.
3.1. Data Analysis
[12] The trends and periodic components in the TEC and
soft X-ray data are first studied by examining the power
spectral density (PSD). Methods for PSD estimation can be
categorized as either nonparametric or parametric [Maple,
1987]. Nonparametric methods are those in which the
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estimate of the PSD is based on calculating a fast Fourier
transform (FFT) of the signal. The technique used here is
Welch’s averaged periodogram method, which consists of
segmenting the data (50% overlap in this paper), computing
the Hanning-windowed FFT of each segment, and then
averaging the PSD estimates. Shown in Figure 2 are the
resulting power spectra from the TEC and the X-rays.
Although the longer-term, e.g., annual, variations derived
from only 531 days of measurements are subject to uncer-
tainty, these data are sufficient to estimate periods of <27 days
and to study the short-term relationship. In Figure 2 the
largest peak in both the X-rays and TEC is at the lowest
frequency (longest period) which indicates a long-term,
approximately annual, variation. This long term variation
will be subtracted from the signal later. The second largest
peak represents a period of 25–27 days, which is approx-
imately the solar rotation period.
[13] To obtain a more accurate estimation of the temporal
periods in the PSD a parametric method is used. This
method first estimates the parameters (coefficients) of the
linear model that hypothetically ‘‘generates’’ the signal and
then finds the spectral estimation by studying the frequency
response of the model. An autoregressive (AR) model is
assumed to generate the signal [Maple, 1987], and models
with order less than 50 are sufficient for the spectral
estimation. The roots of these polynomials are the poles
in the complex plane. Since conjugate poles close to the unit
circle (magnitude > 0.985) indicate periodic components in
a signal, the periodic frequencies are found from the angles
of the poles. The averaged frequency can be calculated as
the order of the AR model is varied. This method indicates
the TEC has a period of 25.6 ± 0.5 days; and X-ray
irradiances have a period of 26.1 days with a similar
uncertainty. These results are consistent with those from
Welch’s method. The periods seen in the TEC and X-ray
irradiances are consistent with the observed solar rotation
rates of 25 days (at the equator) to 31 days (at the poles)
[Schrijver and Zwaan, 2000].
3.2. Modeling and Transformations
[14] Removing the autocorrelations is an essential step in
understanding the relationships between the TEC and soft
X-ray observations. After the autocorrelations within each
measurement are removed, large values in the cross-corre-
lation function (CCF) indicate the existence of strong
correlations between the measurements [e.g., Brockwell
Figure 1. (a) Solar soft X-ray irradiances at noon UT measured at 2–7 nm, 6–19 nm, and 17–20 nm
from 11 March 1998 to 23 August 1999. (b) Daily averaged noontime TEC from 11 March 1998 to
23 August 1999. The dotted line indicates days when no data satisfied the selection criterion and
interpolated data are used.
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and Davis, 1996]. To remove the autocorrelations, each
series is modeled individually as a function of the previous
observations in the series. By subtracting the modeled series
from that observed, the autocorrelations are removed, leav-
ing residuals that are less correlated. Some transformations
(changes of variable) are also used to make the data more
suitable for modeling. The modeling is considered sufficient
when the autocorrelation functions (ACFs) of the residuals
for each series are consistent with white noise.
[15] At each step of the analysis, correlations between
measurements are examined. While simple correlations are
sometimes used in these comparisons, rather than CCFs, the
results are consistent to those obtained using a CCF (or
equivalently time lags). Correlations for both X-ray irradi-
ances and F10.7 are calculated to determine which has the
higher correlation with TEC. Also, in order to better
understand the effects of the modeling, the standard devi-
ation of the TEC is calculated after each step. These
standard deviations quantify the amount of variation mod-
eled in each step.
[16] The first transformation is to take the logarithm of
the signals. Taking the logarithm is an effective, commonly
used way to stabilize the variance when it changes signif-
icantly across the observations, as it does for these data.
This change of variable also allows us to use a linear model,
rather than a nonlinear one, to fit the data. After taking the
logarithm, the mean TEC is 4.4 and the mean X-ray
irradiances are 0.23, 0.51, and 0.37, respectively, for the
2–7 nm, 6–19 nm, and 17–20 nm wavelength bands. The
normalized cross-correlation coefficient between the X-ray
irradiances and TEC without a time lag (i.e., correlation) is
0.5, significantly better than the correlation of 0.3 between
the F10.7 and TEC. The standard deviation of the TEC after
taking the logarithm is 0.24.
[17] Next, a 27-day moving average is subtracted from
each signal. This moving average filter removes the trends
and periods >29 days while preserving components with
periods 28 days. The signal removed includes annual
and semiannual variations in the TEC. After subtracting
the moving average, the correlation between the X-ray
irradiances and TEC is 0.6, significantly higher than the
0.5 correlation between F10.7 and TEC, and the STD of
the TEC is 0.1056, approximately 0.44 of the STD of the
original signal. In Figure 3 the resulting 17–20 nm solar
Figure 2. Power spectrum of the TEC and solar soft X rays (17–20 nm). The largest peak in both the X rays
and TEC indicates a long-term (>27 day) variation. The second largest peak represents a periodic
variation of approximately 27 days.
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irradiances and TEC are plotted. A similar relationship is
seen between the other wavelength bands and TEC.
[18] In Figure 3 a periodic component, 25.6 ± 0.5 days in
the TEC and 26.1 ± 0.5 days in the X rays, is clearly seen.
Since the average period of 25.8 days is within the uncer-
tainty of both measurements, a notch filter [Orfanidis, 1996]
of 25.8 days is used on both. This filter can attenuate the
magnitudes of either period by 40DB without affecting
periods shorter than 23 days (the 3DB cut off frequency).
The signals extracted by the filter are plotted in Figure 4,
which is approximately 0.10 (i.e., 10%) of the original
variation in the signal. Like many other filters, the notch
filter initially responds to the input signal with oscillations
and the extraction of the periodic components is not stable
until it passes the settling time, i.e., the time when its
performance becomes stable. Therefore the first 100 points
are excluded from the analysis in order to avoid oscillations
produced by the filter’s impulse response. Figure 4 shows
the extracted signals after omission of these points. A
correlation of 0.9 was found between the extracted TEC
and X-ray (17–20 nm) signals, which is better than the
correlation of 0.8 between TEC and F10.7.
[19] From Figure 4 it is clear that the TEC variations
follow the X-ray irradiances. To determine the phase dif-
ference, correlations for different time delays were calcu-
lated. The highest correlations occur with the 1- and 2-day
delayed X-ray irradiances, suggesting a 1.5-day difference.
In an attempt to increase the temporal resolution, values
were interpolated for times at half the original interval.
Correlations calculated using these interpolated values sug-
Figure 3. TEC and solar soft X-ray data after removal of the long-term (>27 day period) variation. The
figure indicates a significant relationship may exist between the short-term variations in the solar soft X
rays and TEC.
Figure 4. TEC and solar soft X-ray signals extracted from the data shown in Figure 3 using a 25.8 day
notch filter. The figure shows there is a 1 day phase difference between the solar soft X rays and TEC,
with the X rays leading TEC.
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gest smaller phase difference, i.e., 1 day. One should also
take differences in observation times into account. The X-ray
irradiances are calculated for noon universal time each day;
therefore they precede the TEC measurements by approx-
imately 5 hours (0.21 days). Consequently, a more accurate
phase difference is 0.8–1.3 days, indicating the X-ray
irradiances from the previous days affect the TEC signifi-
cantly. Although the phase difference varies with time in
Figure 4, the differences are not statistically significant and
the approximately 1-day delay consistently appears when
using subsets of these data.
[20] This phase difference is similar to that seen between
changes in the soft X-rays and the neutral density. Eastes
et al. [2004] found the two are well correlated (see their
Figure 2) with changes in the X-rays leading those in the
neutral density by approximately 1.5 days. Therefore the
phase difference between the X-rays and TEC is consistent
with neutral densities affecting the TEC. An ionospheric
response to neutral density variations is also be consistent
with previous studies [Richards et al., 1994; Richards,
2002; Fuller-Rowell, 1997], but the measurements used
here do not provide direct evidence that the neutral densities
are responsible. Since the 27 day variation is approxi-
mately 0.10 of the total variation in TEC, the 27 day
variations in neutral density may be responsible for 0.10 of
the total change in TEC.
[21] Next, the difference between successive days is
taken. This removes any remaining variations with periods
longer than one day, and the resulting series are stationary,
i.e., the mean and the variance are not changing with time.
The ACF of the differenced signals indicates the existence
of autocorrelations. In this case the autocorrelations in both
the X-ray irradiances and the TEC can be represented by a
Moving Average (MA) model [e.g., Brockwell and Davis,
1996]. To remove the autocorrelations the best fit MA
model is subtracted from the original signal. The whiteness
of the residuals is demonstrated by the sample ACF which
is plotted in Figure 5. True white noise has zero mean and
autocovariance within the 95% confidence level at lags
other than 0, which is satisfied as shown in Figure 5. The
remaining signals are therefore said to be ‘‘prewhitened.’’
The residual TEC contains approximately 0.28 of the
original variation in the TEC. The cross-correlation with
the prewhitened X-ray irradiances is studied below.
3.3. Cross-Correlation Function (CCF) Analysis
[22] The CCF gives cross-correlations at different time
lags, and it can be used to study the relationship between
X-ray irradiances and TEC. Figure 6 shows the CCF of the
X-ray irradiances and TEC after prewhitening. The TEC is
clearly correlated with X-ray irradiances from previous days
but not with the X-rays on the day when the TEC is
measured. The TEC has a correlation of 0.2 with both the
1-day and 2-day delayed X-ray irradiances, which is a factor
of 2.5 greater than the 95% confidence level of 0.087.
Figure 6 also shows a 0.15 correlation between TEC and the
Figure 5. Autocorrelation function (ACF) of the TEC and solar soft X rays after prewhitening (i.e.,
removal of the autocorrelations). As seen by the correlation of the observation with itself (a time delay of
0 days), 1.0 represents perfect correlation. The correlations found with observations on previous days are
shown at different time delays. This shows the autocorrelations within the TEC and solar soft X-ray
measurements have been removed and that the signals correspond to white noise.
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3-day delayed X-ray irradiances at 6–19 nm and 17–20 nm,
but not at 2–7 nm. This decrease in correlation at 2–7 nm is
consistent with the neutral densities being less dependent on
these wavelengths. Therefore the total correlation between
the X-rays (either 6–19 nm or 17–20 nm) and TEC is
approximately 0.5 (0.3 above the noise level when com-
bined in quadrature) since the autocorrelations between the
X-ray irradiance measurements have been removed through
the prewhitening process discussed earlier.
[23] The 0.5 correlation between the X-ray irradiances
and TEC (delayed 1, 2, and 3 days) suggests a relationship
exists between these measurements. In comparison, the
correlation between F10.7 and TEC after prewhitening
was at or below the noise level (0.087in this case) for all
time lags. Therefore, TEC has a clearer and more significant
relationship with X-ray irradiances than with F10.7.
[24] The prewhitened TEC is 0.28 (i.e., 28%) of the
original variation in TEC (see section 3.2), and has a 0.5
correlation (0.3 above the noise) with the X-ray irradiances.
Therefore X-ray irradiances should account for 0.08 (i.e.,
0.28  0.3) of the total variation in TEC. As with the 27 day
periodic variations, the X-rays lead the TEC and this is
consistent with the effects of neutral density as discussed
earlier in section 3.2.
[25] Ionospheric densities are also expected to have a
prompt response to changes in the solar short wavelength
irradiances. This behavior has been seen following solar
flares [e.g., Zhang et al., 2002; Thomson et al., 2004;
Tsurutani et al., 2005], but a significant dependence on
the solar irradiance from the same day is not seen in this
analysis. The 1-hour averaged TEC measurements may be
responsible for the lack of dependence on solar irradiances
from the same day. Ion lifetimes are less than an hour in the
F region. In order to see the response of ionospheric
densities to concurrent changes in the X-ray irradiances,
higher temporal resolution is apparently necessary for the
ionospheric and solar data.
4. Modeling
[26] In the analysis presented above, individual bands of
soft X rays are used, but since the three bands are not
completely correlated, there is a possibility that the other
bands contain additional information that could be used to
provide a more accurate relationship between the TEC and
soft X rays. The three bands are highly correlated, with
cross-correlation coefficients of 0.90–0.94. Therefore the
three signals are first orthogonalized to avoid redundancy
problems before attempting to use all three to model TEC.
Fits obtained when using three bands are not significantly
better than those using only one, with the initial wavelength
band, to which the other two are orthogonalized being the
most significant. Thus each band appears to provide similar
information, and only one band will be used in the analysis
below.
[27] Least square fits to the TEC were calculated. Using
the 17–20 nm irradiances after prewhitening as an example,
the best fit to the TEC is given by
TECt ¼ a1  Solart1 þ a2  Solart2 þ a3  Solart3 ð1Þ
Figure 6. Cross-correlation of the TEC with the solar soft X rays and Ap after prewhitening. A CCF
value of 1.0 would indicate a perfect correlation between two signals in the comparison, and values of
less than 0.087 are below the noise level. These values indicate significant correlations between the TEC
and the X-ray irradiances on the previous 1–3 days still exist.
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where Solart1; Solart2; Solart3 are 1, 2, 3-day delayed
solar soft X-ray irradiances in 17–20 nm, a1, a2, a3 are
the model coefficients, and TECt is the modeled TEC for the
present day. The results are shown in Table 1. The
magnitudes of the coefficients are consistent with CCF
analysis. This model represents approximately 0.3 (i.e.,
30%) of the variation in the prewhitened TEC, which is
consistent with the amount of signal above the noise level
(see section 3.3). Since the remaining TEC is approximately
0.28 of the original variation (see sections 3.2 and 3.3);
therefore the model based on soft X rays represents 0.08
(i.e., 0.28  0.3) of the original variation in TEC. This
nonperiodic correlation of the TEC with the X rays is almost
as large as that from the 27 day period, which accounted for
0.10 of the total variation seen in TEC. Combining the
27 day (periodic) variation and the nonperiodic short term
variations indicates the X-ray irradiances can account for
0.18 of the change in TEC. The model produces a final
prediction error (FPE) of 0.0022.
[28] The effect of geomagnetic activity, as indicated by
Ap, on TEC was also studied. Ap accounts for 0.1 of the
variation in TEC. Thus the variations in the X-ray flux are
responsible for almost twice as much TEC variation as Ap.
5. Discussion
[29] Measurements from a second time period, 2 October
1999 to 10 June 2000, are used to test the model. As for the
11 March 1998 to 23 August 1999 data presented previ-
ously, values are interpolated for the small gaps. Figure 7
show the X-ray irradiance and TEC measurements. As for
the previous data, X-ray irradiances have a higher correla-
tion with TEC than F10.7 does. Applying the model
presented earlier to this additional set of data gives a FPE
Table 1. Coefficients for Modeling TEC From Solar Soft X Rays
(17–20 nm)
Solar Irradiance (17–20 nm)
Time delay, days 1 2 3
Model coefficients 0.3 0.24 0.17
Figure 7. (top) Solar soft X rays at 1200 UT measured at 2–7 nm, 6–19 nm, and 17–20 nm from
2 October 1999 to 10 June 2000. (bottom) Daily averaged noontime TEC from 2 October 1999 to 10 June
2000. The relationship between these observations is consistent with that seen in the earlier set of data
(in Figure 1).
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of 0.0023, not significantly different from the FPE of
0.0022 obtained previously.
[30] Another possible reason for the lack of same day
correlation between TEC and SNOE measurements of solar
irradiance is that most of the solar photons measured by
SNOE are absorbed at altitudes below the F region. To
address this possibility, longer wavelength solar irradiances
from the Solar EUV Experiment (SEE) and TEC were
examined. The 20–40 nm and 20–193 nm solar irradiances
from 9 February 2002 to 31 December 2002 were used.
Comparison of the TEC with 20–40 nm, 20–193 nm, and
F10.7 data are displayed in Figure 8. Correlations of 0.78,
0.5, and 0.33 are found between TEC and the 20–193 nm
irradiances, the 20–40 nm irradiance, and F10.7, respec-
tively. The TEC is more significantly correlated with solar
irradiance measurements than with F10.7. EUV wave-
lengths > 40 nm affect the long–term ionospheric variations
more significantly than shorter wavelength bands, and they
have a more prompt effect on TEC. However, the short-term
relationship of these EUV irradiances with TEC ( 27 days)
shown is based on only the 100 days of data remaining after
applying the notch filter and excluding the first 100 points.
6. Conclusions
[31] Comparisons of the solar soft X-ray irradiances from
the SNOE satellite and equatorial TEC from 1998 to 1999
show X-ray irradiances allow significantly better prediction
of TEC than F10.7. A correlation of 0.5 appears between the
original X-ray irradiances and TEC, compared to 0.3
between F10.7 and TEC; and a 0.6 correlation is seen after
removing long term variations (i.e., 27 day period
remained ), compared to 0.5 for F10.7 and TEC. In the
shorter-term, non-periodic variations (the signal remaining
after prewhitening) a 0.3 correlation between the X-rays and
TEC was found, in contrast, no meaningful correlation of
F10.7 is seen with TEC after prewhitening. This means the
X-ray irradiances can represent 0.08 (i.e., 8%) more of the
TEC variation than F10.7 can.
[32] The comparisons of the short term variations in the
X-ray irradiances and TEC show that the TEC depends
Figure 8. Solar irradiances (20–193 nm, 20–40 nm), F10.7, and TEC from 8 February 2002 to
31 December 2002 after normalization (a) Comparison of the 20–193 nm solar irradiances with TEC
after normalization. The correlation is 0.78. (b) Comparison of the 20–40 nm solar irradiances with
TEC after normalization. The correlation is 0.5. (c) Comparison of the F10.7 with TEC after
normalization. The correlation is 0.33.
A10S15 WANG ET AL.: SOFT X-RAY IRRADIANCES VERSUS EQUATORIAL TEC
9 of 10
A10S15
strongly on the previous 2–3 days of X-ray irradiances and
that the X rays lead TEC by 0.8–1.3 days. This phase
difference is consistent with that seen between the neutral
densities and soft X-ray irradiances, which suggest that this
effect might be associated with neutral density changes. On
the basis of this attribution, neutral density changes would
be responsible for short-term (27 days or less) TEC changes
of approximately 0.18 of the total TEC.
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